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摘  要 
螺旋桨/旋翼旋转产生的流场现象非常复杂，尤其是螺旋桨/旋翼与飞机部件
之间的气动干扰对飞机的性能有着重要影响。本文基于非结构重叠网格和自适应
网格技术，采用改进延迟分离涡模拟（ Improved Delayed Detached Eddy 
Simulation，IDDES）方法，对两类螺旋桨/旋翼复杂问题进行了数值模拟研究：
一是螺旋桨与飞机部件之间的气动干扰，研究了螺旋桨与短舱、螺旋桨与无人机
的气动干扰问题；二是直升机旋翼的桨-涡干扰，研究了旋翼桨尖开孔削弱桨尖
涡的机理，分析了桨尖开孔参数对旋翼流场结构和气动性能的影响。 
本文通过研究，可以得到以下结论： 
（1）对于螺旋桨与短舱的气动干扰：短舱的存在会增大螺旋桨的拉力系数，
短舱对螺旋桨桨毂涡的结构影响较大，但对桨尖涡的螺旋结构影响较小。对单独
螺旋桨，桨尖涡与桨毂涡的失稳发展过程都具有周期性。在有/无短舱两种情况
下，桨尖涡的失稳位置相同，失稳后桨尖涡之间配对融合过程一致，说明桨毂涡
对桨尖涡的失稳没有影响。 
（2）对于螺旋桨与无人机的气动干扰：螺旋桨滑流使得无人机的升力系数
和阻力系数都有所增大，分析原因是：一方面，螺旋桨旋转使得来流发生偏转，
改变了无人机机翼前缘的局部迎角；另一方面，螺旋桨滑流使得来流速度增加，
增大了来流的动压，导致机翼局部环量的增加，从而增大了无人机的升力和诱导
阻力。同时，在大迎角状态下，螺旋桨滑流具有抑制无人机表面气流流动分离的
作用。 
（3）对于桨尖开孔削弱桨尖涡的研究：桨尖开孔能够使得桨尖涡气流的旋
转速度减小，涡核半径增大，涡核强度大为减弱，从而加快桨尖涡的耗散，起到
削弱桨尖涡的作用。在跨音速条件下，桨尖开孔可以削弱桨尖的激波强度，使得
桨尖上表面的低压区增大，桨尖剖面的升力系数上升，同时也会使靠近旋转轴桨
叶剖面的升力系数下降，但是旋翼的升力系数基本保持不变。 
（4）对于桨尖开孔参数对旋翼桨尖涡和气动性能的影响：桨尖开孔位置对
旋翼的升力系数和功率系数的影响都较小，开孔位置离桨尖端面越近，旋翼桨尖
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涡的强度越大，削涡效果越差；开孔数目对旋翼升力系数的影响较小，但对旋翼
功率系数的影响较大，开孔数目越多，所需要的功率系数也越大，削涡效果越好；
开孔大小对旋翼升力系数的影响较小，但对旋翼功率系数的影响较大，开孔半径
越大，旋翼功率系数较无开孔的增量越大，削涡效果越好。 
 
关键词：螺旋桨/旋翼；尾涡；改进延迟分离涡模拟；桨尖开孔
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Abstract 
The flowfield generated from the rotating propeller/rotor is extremely 
complicated, especially the aerodynamic interferences between the slipstream and the 
aircraft parts will make great influence on the performance of the propeller aircraft. 
Based on unstructured overset grids algorithm and the adaptive grid technique, 
numerical simulations about two kinds of complex problems about propeller/rotro 
were carried out by using Improved Delayed Detached Eddy Simulation (IDDES): the 
first is the aerodynamic interference between propeller and aircraft parts, the mutual 
interference between propeller and nacelle, between propeller and the unmanned 
aerial vehicle (UAV) were investigated. The second is the blade-vortex interaction 
(BVI) of the helicopter rotor, the mechanism of the slotted tip’s effect on weakening 
the rotor blade tip vortex was studied, and the effect of slots’ parameters on the rotor’s 
blade tip vortex and aerodynamic performance was analyzed.  
The conclusions drawn from the investigation are as follows: 
(1) For the aerodynamic interference between propeller and nacelle, the existence 
of the nacelle increases the thrust coefficient of the propeller. The nacelle has a great 
influence on the structure of the hub vortex but little effect on the structure of the 
propeller tip vortex. For the propeller without nacelle, both the instability process of 
the tip vortex and the hub vortex show obvious periodic characteristic. The inception 
region and the paring effects of the tip vortex of the propeller without nacelle are the 
same as that of the propeller with nacelle, which indicates the hub vortex has no effect 
on the instability of the tip vortex. 
(2) For the aerodynamic interference between propeller and the UAV, in 
comparison to the condition of no propeller slipstream, the propeller’ slipstream can 
increase the lift coefficient of the UAV and meanwhile increase its drag coefficient, 
too. This is because: on the one hand, the revolving propeller deflected the flow and 
changed the local angle of attack of the wings’ leading edges, on the other hand, the 
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propeller slipstream accelerated the air flow and increased the flow’s dynamic 
pressure, resulting in the increase of the wings’ local circulation, accordingly the lift 
force and the induced drag of the UAV were increased.  
 (3) For the mechanism of the slotted tip’s effect on weakening the rotor blade tip 
vortex, the slotted tip can decrease the swirl velocity, increase the radius of the vortex 
core and weaken the vortex strength of the blade tip vortex, accordingly accelerated 
the dissipation of the blade tip vortex. On the condition of transonic speed, compared 
to rotor with the baseline tip, the slotted tip can weaken the shockwave on the blade 
tip, enlarge the low-pressure area of the upper surface and increase the lift coefficient 
of the rotor tip, but decrease that of the blade partition near the rotational axis, 
resulting in that the total lift forces of the two types of rotor were almost the same.  
(4) For the effect of slots’ parameters on the rotor’s blade tip vortex and 
aerodynamic performance, the locations of the slot on the rotor blade tip had little 
effect both on the lift coefficient and the power coefficient of the rotor, nearer the 
distance between the slot and the blade tip surface was, stronger the blade tip vortex 
was, worse the slot’s effect on weakening the tip vortex became. The numbers of slots 
had little effect on the lift coefficient but a large impact on the power coefficient of 
the rotor. More slots there were on the blade tip, larger the power coefficient of the 
rotor was compared to the baseline tip, better the slot’s effect on weakening the tip 
vortex became. The size of slots had little effect on the lift coefficient but a large 
impact on the power coefficient of the rotor, larger the slots’ radiuses were, larger the 
increment of the rotors’ power coefficient was compared to the baseline tip, better the 
slot’s effect on weakening the tip vortex became. 
 
Key Words: Propeller/rotor; Trailing vortex; Improved Delayed Detached Eddy 
Simulation; Slotted tip
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